The pathophysiology of restenosis involves early elements of direct injury to smooth muscle cells, deendothelialization, and thrombus deposition. Over time, this leads to smooth muscle cell proliferation/migration and extracellular matrix deposition. There is an increasing body of evidence to suggest that inflammation plays a pivotal role linking early vascular injury to the eventual consequence of neointimal growth and lumen compromise. The widespread use of coronary stents has fundamentally altered the vascular response to injury by causing a more intense and prolonged inflammatory state. Many of the cellular and molecular elements responsible for leukocyte recruitment have been elucidated, providing potential therapeutic targets for restenosis. This review seeks to provide an integrated view of the pathophysiology of restenosis that explains the central role of inflammation. (Arterioscler Thromb Vasc Biol. 2002;22:  1769-1776.) 
S ince the first reports of successful angioplasty of human coronary atherosclerotic lesions, restenosis has been encountered as a significant limitation to the long-term efficacy of the procedure. In their 1979 landmark publication "Non-Operative Dilatation of Coronary-Artery Stenosis," Gruntzig et al 1 reported that 6 of 32 patients undergoing successful initial angioplasty suffered restenosis, a rate of 19%. Subsequent large-scale registries documented a restenosis rate closer to 33%. 2 Early histological studies of specimens retrieved from human necropsy specimens recognized a predominantly fibrocellular response at sites of prior angioplasty. 3 Early animal studies revealed initial endothelial denudation, medial dissection, and platelet deposition as an immediate response to balloon injury and described late restenosis as a consequence of smooth muscle cell (SMC) proliferation and organized intraluminal thrombosis. 4, 5 Based on these understandings, early attempts to limit restenosis focused on antithrombotic and antiproliferative agents, but there was limited success in animal models and no success in human trials. 6 In 1991, Forrester et al 7 proposed a paradigm for restenosis based on the vascular biology of wound healing and suggested 3 phases in the process: an inflammatory phase, a granulation or cellular proliferation phase, and a phase of remodeling involving extracellular matrix protein synthesis. Subsequent studies have supported a critical role for inflammatory cells in the restenotic process and have uncovered a critical role for the thrombotic cascade in the initial recruitment of these inflammatory cells. As this fundamental understanding of restenosis after balloon angio-plasty has developed, however, the clinical practice of interventional cardiology has undergone a profound change with the advent of intracoronary stenting. What has been perhaps underappreciated in the evolving understanding of restenosis from animal model and clinical perspectives is the profound impact that a chronic indwelling stent has on the vascular biological response to coronary intervention, particularly the impact on the inflammatory response.
Studies of restenosis in humans are limited by the fact that direct tissue examination is only rarely possible. Therefore, indirect measures of site-specific pathophysiological processes are the mainstay of this research. Animal studies allow direct examination of tissue and the ability to vary experimental conditions. However, animal models are not perfect mirrors of human pathology, and as proof, there are numerous examples of therapies that are effective in animals but not in humans. Therefore, animal studies are best used to answer specific biological questions that give insight into human disease rather than to provide exact surrogates of human pathology. The present review seeks to provide an integrated view of the pathophysiology of restenosis explaining the central role of inflammation. Evidence from animal and human studies of the importance of inflammation is described; also described are mechanisms of inflammatory cell recruitment and how these processes might be targeted to prevent restenosis. In addition, we discuss how endovascular stenting fundamentally affects the pathophysiological responses to vascular injury, with emphasis on the inflammatory responses.
Mechanisms of Leukocyte Recruitment and Infiltration
Leukocyte recruitment and infiltration occur at sites of vascular injury where the lining endothelial cells have been denuded and platelets and fibrin have been deposited. In vivo studies have shown that leukocytes and platelets colocalize at sites of hemorrhage, within atherosclerotic and postangioplasty restenotic lesions, and in areas of ischemia/reperfusion injury. This interaction between platelets and leukocytes appears to be critical to the inflammatory response. 8, 9 A paradigm of leukocyte attachment to and transmigration across surface-adherent platelets has been proposed. 10 The initial loose association to platelets and rolling of leukocytes is mediated by platelet P-selectin. 11 This is followed by their firm adhesion and transplatelet migration, processes that are dependent on the integrin class of adhesion molecules 10 The ␤ 2 integrin molecule Mac-1 (CD11b/CD18) is present on neutrophils and monocytes and appears to be of central importance in leukocyte recruitment after vascular injury. In addition to promoting the accumulation of leukocytes at sites of vascular injury, the binding of platelets to neutrophils amplifies the inflammatory response by inducing neutrophil activation, upregulating cell adhesion molecule expression, and generating signals that promote integrin activation and chemokine synthesis. Interestingly, neutrophil-platelet and monocyte-platelet aggregates have been identified in the peripheral blood of patients with coronary artery disease and may be markers of disease activity. 12, 13 Also central to the recruitment of leukocytes to areas of vascular injury, chemokines are a group of chemoattractant cytokines produced by a variety of somatic cells, including SMCs, endothelial cells, and leukocytes. One such chemokine of the C-C class, monocyte chemoattractant protein (MCP)-1, participates in the recruitment of monocytes (as well as basophils and certain activated T cells). 14 The C-X-C chemokine, interleukin (IL)-8, plays a critical role in the recruitment of leukocytes to areas of vascular injury. It is well known that IL-8 is a pivotal cytokine in the recruitment of neutrophils. 15 More recent evidence suggests that the murine analogue of IL-8, KC, also plays a critical role in the recruitment of monocytes to injured areas. 16 
Human Evidence for Role of Inflammation in Restenosis
It has long been recognized that restenosis is not a case of accelerated atherosclerosis but is rather a distinct temporal and pathophysiological process. Yet evidence has emerged indicating that leukocytes play a central role in atherogenesis and restenosis. A role for leukocytes in the pathogenesis of atherosclerosis has long been accepted. This is largely based on numerous human histopathological studies in which leukocytes, mainly of the monocyte lineage, have been identified at all stages of development of the atherosclerotic plaque, from fatty streaks to mature atheroma. 17 Similar observations regarding restenosis have been hampered by the difficulty of obtaining human restenotic tissue. Farb et al 18 recently reported findings from pathological studies of 116 stents from 87 patients Ͼ90 days after the procedure. They found a strong link between the extent of medial damage, inflammation, and restenosis. Further crucial evidence linking leukocytes and restenosis has been provided by the study of Moreno et al, 19 in which the authors obtained tissue from directional atherectomy catheters at the time of angioplasty and found a strong positive correlation between the number of macrophages present in the tissue at the time of angioplasty and the subsequent propensity for restenosis. Given the difficulty of obtaining human restenotic tissue, many investigators have looked at systemic markers of inflammation after angioplasty. Neumann et al 20 devised a technique in which they collected blood samples proximal to and just distal to the site of balloon dilatation in humans. They performed flow cytometry to determine the expression of the neutrophil adhesion molecules L-selectin and CD11b and found an upregulation of these markers of leukocyte activation after angioplasty, measured as a gradient between distal and proximal specimens. Mickelson et al 21 used systemic venous specimens from patients undergoing angioplasty and found flow cytometric evidence of the upregulation of CD11b on neutrophils and monocytes that correlated with a propensity for adverse clinical events. Inoue et al 22 extended these observations to demonstrate that elevated levels of neutrophil CD11b are predictive of future propensity for restenosis in patients undergoing balloon angioplasty. Pietersma et al 23 showed that IL-1 production by stimulated monocytes of blood from patients before angioplasty predicted later luminal loss, whereas activation of granulocytes, measured by CD66 levels, was inversely correlated with late loss. Cipollone et al 24 demonstrated upregulated levels of MCP-1 after percutaneous intervention in humans and found that MCP-1 levels were correlated with a risk for restenosis. More recently, Gaspardone et al 25 showed a correlation between C-reactive protein (a nonspecific inflammatory marker) after stent placement and a propensity for restenosis.
Animal Model Evidence for Role of Inflammation in Restenosis
In experimental animal models, cell adhesion molecules critical for leukocyte recruitment have been found to be upregulated by an atherogenic diet, 26 -28 diabetes, 29 and increased shear stress. 30 In addition, vascular cell adhesion molecule-1, intercellular adhesion molecule-1, and major histocompatibility complex class II antigens have all been shown to be upregulated in a sustained fashion after balloon injury in the rabbit. 31 Our laboratory has demonstrated that in animal models in which an endovascular stent is placed to produce deep trauma to the vessel, a particularly brisk early inflammatory response is induced with abundant surface adherent leukocytes of monocyte and granulocyte lineage. 32, 33 Days and weeks later, macrophages invade the forming neointima and are observed clustering around stent struts, forming giant cells. Blockade of early monocyte recruitment with anti-inflammatory agents results in reduced late neointimal thickening. 32, 34, 35 As a corollary, a linear relationship exists between tissue monocyte content and neointimal area, suggesting a pivotal causal role for monocytes in restenosis. 32 Activated macrophages are thought to influence vascular repair by producing a variety of mediators, including members of the interleukin family, tumor necrosis factor, MCP-1, and growth factors, such as platelet-derived growth factors, basic fibroblast growth factor, and heparinbinding epidermal growth factor. 36 Several studies have also shown infiltration of neutrophils within the arterial wall after vascular injury. [37] [38] [39] We recently reported the presence of neutrophils within the media and neointima of injured rabbit iliac arteries and demonstrated concomitant reductions in neutrophil number and medial smooth muscle proliferation with administration of antiinflammatory agents. 33 The mechanisms by which neutrophils may affect vascular repair are not fully understood. Although neutrophils are not known to secrete growth factors per se, they do contribute to tissue injury through the release of reactive oxygen species and proteases. 36 Neutrophils are known to secrete cytokines, including IL-1, tumor necrosis factor-␣, and IL-6. 40 In addition, it has been reported that rabbit vascular smooth cells are stimulated to proliferate when they are cocultured with neutrophils or neutrophilconditioned media. 41
Differences Between Balloon and Stent Injury
A major advance in the care of the patient undergoing cardiac intervention in the past decade has been the introduction of the coronary stent. This device has dramatically improved acute results and has reduced the incidence of subsequent restenosis. Still, in-stent restenosis, although less frequent, affects Ϸ20% of patients and is often recalcitrant and costly to treat. What has emerged from systematic investigation in human and animal studies are profound differences between vascular biological responses to balloon-and stent-induced injury.
Human Studies of the Pathophysiology of In-Stent Versus Balloon Angioplasty Restenosis
The use of intravascular ultrasound to study restenotic lesions has been invaluable in the elucidation of mechanisms of restenosis. Studying restenosis after balloon angioplasty, Mintz et al 42 used intravascular ultrasound to determine the contributions of neointimal hyperplasia and negative remodeling. They found that although negative remodeling (as measured by external elastic membrane area) and neointimal hyperplasia (as measured by plaque plus media cross-sectional area) contributed to restenosis, negative remodeling contributed substantially more ( Figure 1 ). Angiographic analysis of the 2 first pivotal studies of coronary stents in humans (Stent Restenosis Study [STRESS] 43 and Belgian Netherlands Stent Study [BENESTENT] 44 ) revealed distinct qualitative and quantitative differences between balloon-injured and stented arteries. Stented arteries experienced a much larger initial lumen gain, which was presumably due to the rigid scaffolding provided by the stent that prevents acute elastic recoil. At follow-up, the luminal area was greater and binary restenosis was less in stented arteries than in balloon-angioplastied arteries. However, somewhat counterintuitively, late loss (lumen immediately after follow-up minus lumen at follow-up) was greater in stented arteries. Tying these observations together, stents incur greater neointimal growth, with their net benefit being attrib-utable to their larger initial lumen gain and prevention of remodeling. This was confirmed with a serial intravascular ultrasound study conducted by Hoffman et al 45 (Figure 2 ). Although direct measures of inflammation at the site of clinical percutaneous intervention are virtually impossible, evidence has been gathered to suggest that there are differences in the inflammatory responses to stent placement and balloon angioplasty. Inoue et al 46 have used flow cytometry to measure CD11b expression on neutrophils after percutaneous coronary intervention and have found substantially higher levels on neutrophils from patients undergoing stent implantation compared with patients undergoing balloon angioplasty alone. This increased inflammatory response may help to explain the larger neointimal growth seen in stented arteries.
Animal Studies of the Pathophysiology of In-Stent Versus Balloon Angioplasty Restenosis
Several animal studies have demonstrated marked differences in response to vascular injury between balloon-and stentinduced injury, with specific emphasis on differences in the inflammatory response. Heparin, an archetypal modulator of vascular repair in animal models, has long been known to reduce neointimal growth after vascular injury. 47, 48 Heparin is equally effective at reducing neointimal hyperplasia after balloon injury or stent implantation. 49, 50 However, our laboratory has shown that maximal inhibition of neointimal hyperplasia in stented arteries requires continuous heparin administration for the duration of the experiment, whereas transient early heparin therapy after balloon injury is just as effective as chronic administration. 50 An explanation of this difference is suggested by further studies from our laboratory. In stented arteries, there is abundant recruitment of macrophages within the neointima (Figure 3 ). Inhibition of macrophage accumulation parallels reduction in neointimal growth. 32 In contrast, in balloon-injured rabbit iliac arteries, a model devoid of macrophage infiltration (Figure 3 ), neutrophil infiltration has been documented within hours of injury. Inhibition of neutrophil infiltration is correlated with an inhibition of medial SMC proliferation. 33 To elucidate the mechanisms behind these differences, we determined mRNA levels of the monocyte chemokine MCP-1 and the neutrophil chemokine IL-8 at sites of vascular injury by using semiquantitative reverse transcriptase-polymerase chain reaction. In balloon injury, there was only transient expression (lasting only hours) of MCP-1 and IL-8. In contrast, in stented arteries, there was sustained expression of IL-8 and, more prominently, MCP-1 as late as 14 days. 51 We have been able to exploit these differences in inflammatory response with leukocyte-specific therapies. In a primate iliac artery model, monocyte-specific blockade, achieved via blockade of the MCP-1 receptor CCR2, was effective at reducing neointimal hyperplasia within stented segments of the arteries. 52 In contrast, blockade of CCR2 was not effective against neointimal hyperplasia within ballooninjured segments. For balloon-injured segments, neutrophil blockade, achieved by targeting the leukocyte ␤ 2 -integrin ␤-subunit CD18, was required to reduce neointimal hyperplasia. These data suggest not only that leukocyte infiltration is causally related to neointimal hyperplasia after balloon-or stent-induced injury but also that temporal and spatial patterns of leukocyte infiltration vary with different forms of arterial injury. Figure 4 illustrates an integrated view of the pathophysiological processes underlying in-stent restenosis. Figure 4A illustrates a mature atherosclerotic plaque. The initial events immediately after stent placement result in deendothelialization and the deposition of a layer of platelets and fibrin at the injured site ( Figure 4B ). Activated platelets express adhesion molecules such as P-selectin and glycoprotein (GP) Ib␣, which attach to circulating leukocytes via platelet receptors such as P-selectin glycoprotein ligand (Figure 4C with inset) and begin a process of rolling along the injured surface. Under the influence of cytokines ( Figure 4C ), leukocytes bind tightly to the leukocyte integrin (ie, Mac-1) class of adhesion molecules via direct attachment to platelet receptors such as GP Ib␣ and through cross-linking with fibrinogen to the GP IIb/IIIa receptor ( Figure 4D, inset) . The migration of leukocytes across the platelet-fibrin layer and into the tissue is driven by chemical gradients of cytokines released from SMCs and resident leukocytes ( Figure 4C and 4D). Growth factors are released from platelets, leukocytes, and SMCs, which influence the proliferation and migration of SMCs from the media into the neointima (Table, Figure 4D ). The resultant neointima consists of SMCs, extracellular matrix, and macrophages recruited over several weeks (Figure 4E) . Over even longer periods of time ( Figure 4F ), there is a shift to fewer cellular elements with, and greater production of, extracellular matrix. In addition, there is eventual reendothelialization of at least part of the injured vessel surface.
An Integrated View of In-Stent Restenosis

Implications for Antirestenotic Therapies
The data presented in the present review suggest that an anti-inflammatory approach may be an effective way to suppress neointimal growth and restenosis after percutaneous intervention in humans. Indeed, a shared feature of many promising therapies in clinical trials currently is an antiinflammatory potential. For example, sirolimus, which has shown remarkable efficacy against restenosis in a coated stent design, 53 is a known inhibitor of regulatory elements of the cell cycle. However, it also possesses important antiinflammatory properties, as evidenced by its initial develop- Figure 3 . Immunohistochemical identification of macrophages within primate iliac arteries injured with either stents or balloon injury alone. Note that there is a steady accumulation of macrophages within stented segments with clustering of macrophages surrounding stent struts, whereas there is virtually no accumulation within the balloon-injured segments. From Horvath et al. 52 ment as an antifungal agent and its current use as an immunomodulatory agent in the treatment of renal transplant rejection. 54 In a porcine model of stent injury, sirolimuscoated stents, compared with bare metal stents, were associated with reduced vessel wall protein expression of the cytokines MCP-1 and IL-6. 55 Similarly, the microtubule stabilizer paclitaxel, a promising therapy for restenosis via stent-based delivery, is known to interfere with SMC proliferation and migration through its effect on microtubules. 54 However, there are also data to suggest that paclitaxel affects leukocyte function. Interestingly, this appears at least in part to be mediated through the interference of cytoskeletal interactions with the integrin class of adhesion molecules. 56 The effects of brachytherapy on inflammation have not been studied in detail, although one report suggests that delayed endothelialization after brachytherapy in a porcine model may actually increase the inflammatory burden. 57 The data presented in the present review also suggest that there are important differences in the temporal and spatial pattern of inflammation between stent and balloon injury that must be taken into account when antirestenotic therapies are designed. Specifically, the inflammatory response engendered by a stent is prolonged and rich in cells of the monocyte/macrophage lineage. Therefore, anti-inflammatory therapies may have to be delivered over a prolonged period of time and also must include anti-macrophage activity. This requirement for prolonged activity makes all the more appealing the use of the stent itself as a platform for delivery. A final word should be said regarding the lack of efficacy of prior anti-inflammatory drugs in human trials of restenosis. In a broad sense, one can implicate either a lack of understanding of the biological responses to injury, use of the wrong drug, or an incomplete understanding of pharmacokinetics and pharmacodynamics. First, many of these trials were conducted in an era of predominant balloon angioplasty rather than stenting, which, as we have described in the present review, causes a fundamental change in the nature of the vascular biological response to injury. Heparin provides an example for which pharmacokinetics and pharmacodynamics may be the issue. Heparin is the archetypical modulator of vascular repair after vascular injury in a variety of animal models. It has long been known that heparin inhibits SMC proliferation and neointimal hyperplasia independent of its anticoagulant properties. 58 Multiple studies have also demonstrated that heparin also is a powerful antiinflammatory agent and that this characteristic is intimately related to its antiproliferative properties in animal studies of vascular injury. 33, 59 However, human trials of subcutaneous heparin after percutaneous intervention have proven ineffective in preventing restenosis. 60 An explanation of this paradox is suggested by data from prior animal studies suggesting that the efficacy of heparin against neointimal growth is critically dependent on the type of vascular injury imposed 61 and the duration and frequency of heparin administration. 50 These data suggest that human studies of heparin after percutaneous intervention may have suffered from an insufficient dosing interval and duration of administration. Although less completely studied than heparin, it is possible that pharmacokinetic and pharmacodynamic issues may also lie behind the failure of tranilast, a drug showing efficacy in animal models 62 but not in a large-scale human trial. 63
Conclusions
An evolving understanding of the pathogenesis of restenosis has placed inflammation at the center of the process. Much of our early understanding of this process was based on studies of balloon angioplasty. It is imperative to understand that the placement of a stent, now the predominant therapy in humans, profoundly alters all elements of vascular repair, particularly inflammatory processes. These differences must be understood and incorporated into the development of antirestenotic therapies in the stent era. 
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